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Abstract: Metabolic engineering of the structure of amylopectin in rice endosperm has been performed by manipulating the activities of the major isoforms of soluble starch synthase , starch branching enzyme, and starch debranching enzymes. Our results show that each isoform distinctly affects amylopectin cluster struc ture and that the change leads to the synthesis of novel starches with varied physicochemical properties . This paper describes these experimental results and discusses the advantage of the molecular approach for elucida tion of the starch biosynthesis system and for production of novel starches. Key words: amylopectin, metabolic engineering, starch branching enzyme, starch debranching enzyme , starch synthase
Amylopectin has a defined structure composed of tan dem linked clusters, i.e., a tandem-cluster structure, and is synthesized by multiple isoforms of three classes of en zymes; starch synthase (SS), starch branching enzyme (BE), and starch debranching enzyme (DBE). Numerous biochemical and genetic studies suggest that each enzyme plays a distinct role in determining the fine structure of amylopectin.1-5) Relative activities of individual isoforms of each class of enzyme are strictly determined by species and tissue-specific manners. Transgenic plants are useful materials not only to clarify the metabolic system for amylopectin biosynthesis but also to produce novel starch.
In this paper, we present the results of our recent work on transgenic rice plants to clarify 1) how individual en zymes contribute to the distinct structure of amylopectin in rice endosperm, and 2) how manipulation of the en zymic activity can be used as an effective tool to produce novel starches; w i t distinct physicochemical properties.
Starch branching enzyme (BE).
BEIIb plays an indispensable role in amylopectin syn thesis by producing short chains with DPI 13 although rice endosperm has two other BE isoforms; BET and BEIIa.6) The geno mis DNA encoding . BEIIb was intro duced into an amylose-extender (ae) mutant of rice . The transgenic plants showed variable BEIIb activities and protein amount: as; detected by native-PAGE/activity stain ing method and SDS-PAGE,respectively.
The transfor mants were classified intol three groups;. the ae group in which the BETIb activity was significantly lower than in the wild-type, the complimented group where the activity was comparable to. that of the wild-type; and the over expression group where the; activity was higher than in the wild-type. The structure of amylopectin dramatically changed inn accordance' with the level of BEIIb activity 
Starch debranching enzyme (DBE).
Higher plants have two types of DBE; isoamylase and pullulanase. The involvement of DBE in amylopectin bio synthesis has been proposed by numerous investigations using isoamylasedeficient mutants of maize,9,10) Chlamy domonas,11,12) Arabidopsis13) and barley. 14) Biochemical analyses of isoamylase-lacking mutants of rice referred to as sugary-1 mutants strongly suggest that both isoamylase and pullulanase play essential roles in amylopectin bio synthesis in the endosperm, although their precise roles remain to be elucidated.15 -17)
The molecular approach is useful to reveal the involve ment of DBE in amylopectin biosynthesis, since it is known that the loss of isoamylase activity has pleiotropic effects on other starch synthesizing enzymes .16-18) We pre viously reported that in some sugary-1 mutant lines such as EM914, starch is completely lacking and it is replaced by phytoglycogen that is totally different from normal amylopectin in terms of chain-length profile and molecu lar density.'"' These polyglucans can be easily distin guished from each other by suspending them in iodine so lution, since phytoglycogen is not stained but amylopectin is (Fig. 2) .
In our first study, the wheat Isoamylase gene (TaISA) was introduced into two rice sugary-1 mutant lines, EM 914 and EM273. Figure 2 shows the effect of expression of TaISA in EM273 seeds in the T generation. Some transformants produced iodine-stained starch-like granules instead of non-stained phytoglycogen. In addition, the shape of the seed reverted from shrivelled to normal (Fig. 1) . The chain-length distribution of polyglucans in these transformants became similar to that of the normal amylopectin. In addition, the physicochemical properties of these starches were measured by differential scanning calorimetry whereas no parameters were obtained from the water-soluble polysaccharides (data not shown). How ever, the chain-length profile for polyglucans and their thermal properties were not exactly the same as those of the wild-type starch. The result strongly suggests that while some difference in functional properties between wheat isoamylase and rice isoamylase might exist, iso amylase plays a key role in amylopectin biosynthesis.
In our second study, we tried to manipulate isoamylase activity by anti-sense methodology. It was found that when the activity of isoamylase was reduced to about 6% A) Starch granules in the cells were stained with iodine solution. Note that phytoglycogen from the sugary-1 mutant EM273 was not stained, whereas some transformants contained iodine-stained starch granules. B) Cross-section of the seed treated with iodine solution. The seed of the sugary-1 mutant is shrivelled, but seed from a transformant reverted to normal.
of that of the wild-type, amylopectin was modified to polyglucans with more short chains of DPS 12 and fewer chains of DP 13-23, and some water-soluble polysaccha rides were produced (Fujita et al., submitted).
All these results suggest that the level of isoamylase ac tivity affects the fine structure of amylopectin, and that wild-type amylopectin can not be produced even in ex tremely low amount of or in the absence of isoamylase activity. The results also indicate that inter-species transfer of isoamylase is useful for novel starch production.
Starch synthase (SS).
We recently observed that SSIIa contributes to the structure of amylopectin by elongating short chains within the cluster.20,21) The activity of SSIIa would result in dis crimination of the amylopectin of japonica-type rice (S- Engineering of Rice Amylopectin Structure type amylopectin) from that of indica-type rice (L-type amylopectin) in terms of lengths of the side chains of the cluster.20' Presumably, SSIIa plays a specific role in the synthesis of the intermediate-size chains of DP 12-24 by elongating short chains of DPs 10, notwithstanding the fact that SSIIa is a minor contributor to the total SS ac tivities in rice endosperm as opposed to SSI and SSIII. That SSIIa plays a distinct function in amylopectin bio synthesis is consistent with the conclusion obtained from molecular experiments with potato tuber. 22,2 3) In an attempt to examine the function of SSIIa, cDNAs encoding SSIIa from the indica-rice cultivar IR36 and the japonicafrice cultivar Nipponbare were introduced into the japonicafrice cultivar Kinmaze. Our preliminary re sults indicate that the amylopectin structure was converted from Stype to Ltype when the indica-SSIIa gene was expressed in a japonica rice, but no change was observed when the japonica-SSIIa gene was introduced into a ja ponica rice. These results show that SSIIa plays a distinct role in determining the amylopectin fine structure by elongating short chains within a cluster. The results also indicate that the structure of amylopectin can be improved by manipu lating the SSIIa gene.
The role of individual isoforms and a model for amy lopectin biosynthesis in rice endosperm. The mechanism of how the distinct tandem-cluster structure of amylopectin is achieved is still unknown and attempts to synthesize the molecule in vitro or to reconsti tute the system have not been successful. To analyze the mechanism, at least an assessment of the role of each iso form involved in the amylopectin synthesis is needed. Based on the results so far obtained from biochemical, ge netic, and molecular analyses of various plant species and tissues in our laboratory and those of other research groups' s', we hypothesized the function of each isoform of BE, SS and DBE in rice endosperm, as given in Fig. 3 .
Although several models have been proposed to explain how amylopectin is synthesized,4,13,24) the function of each isoform of SS, BE and DBE is still unclear. Nakamura" has proposed a new model explaining how each isoform is involved in the synthesis of tandem-linked clusters of amylopectin in rice endosperm, as shown in Fig. 4 . The model has several features. Two sets of combined reac tions catalyzed by different BE and SS isoforms construct a framework of the cluster; the branch linkages in the crystal lamellae are specifically formed by BEIIb and sub sequently almost all branched chains are predominantly elongated to the edge of the cluster by SSIIa, whereas branch linkages and the subsequent chain elongation in the amorphous lamellae are mainly catalyzed by BEI and SSIII, although SSI plays an important part in elongating very short chains of DP 6-7 until they reach DP 8-12. Through the combined reactions, the cluster can increase the number of chains and elongate the chains effectively to reach the size of the cluster. In the model, the balance between activities of BE and SS is very important in pro ducing repeated clusters with species-and tissue-specific structures. Fig. 3 .
Possible functions of isoforms of BE, SS and DBE f or o amylopectin biosynthesis in rice endosperm. The metabolic engineering of amylopectin biosynthesis in rice endosperm .
The results of our present studies prove that the mo lecular approach is a useful too] in identifying the func tion of enzymes for amylopectin biosynthesis in rice en dosperm and in creating novel starches with distinct func tional properties (Fig. 5) . So far, we can stress the follow ing features of this approach: 1) Each gene tested distinctly affects amylopectin struc ture and starch properties.
2) The function of the individual enzyme for amylopec tin biosynthesis deduced from results of basic studies is consistent with the effects of the manipulation of the en zyme on the structure of amylopectin in transgenic rice plants.
3) The manipulation of the relative activity of the iso form in each class of the enzyme seems to be effective in producing novel starchhes.
4) The introduction of genes from different species is effecttive for the production of novel starches.
In conclusion, transgenic plants are excellent materials for the elucidation of the amylopectin biosynthetic system.
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